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Abstract 
 
Motivated by the growing crisis of global water scarcity, this study focuses on an up and 
coming desalination technique. Capacitive deionization (CDI) is a novel method based on the 
general concept of ion electro-sorption, with two electrodes acting as capacitors [1]. When 
polarized in charge/discharge cycles, these cells will remove foreign ions out of brackish water 
and subsequently expel them into a waste stream. Recently, it has been discovered that when 
redox-active materials are employed, charge transfer reactions will increase the cell’s ion storage 
capacity in proportion with mass normalized energy storage [2]. 
In this study, the performance of porous carbon aerogel electrodes, in terms of energy 
storage capacity and ion selectivity, is evaluated by varying fabrication techniques - altering 
electro-less deposition time of amorphous MnO2, heat treatment for the purposes of phase 
transition, and Li+- ion exchange. Additionally, we vary the electrolytic solution 
(NaCl, KCl, CaCl2, LiCl) in order to study the cathode's faradaic ion-uptake mechanism and the 
factors influencing it. Resulting nitrogen adsorption tests on the 15-minute electro-less 
deposition timed MnO2- coated aerogel electrodes show low surface area per mass (170 m
2 g-1), 
but high MnO2 content (14.64% as compared to literature values for the same duration) implying 
an increased deposition rate [3]. When the pretreated carbon aerogel electrodes of varying 
electro-less deposition times are characterized using a three-electrode set up, resulting cyclic 
voltammograms in the voltage window -0.2 to 0.8 V show no relationship between electrode 
pretreatment and neither capacitance nor ion-uptake. Because specific capacitances are 
approximately the same at low and high electro-less deposition times, the optimized duration 
should last for 15 minutes instead of 240 minutes. Future work involves the optimization of 
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operation parameters such as flow rate and current density once the optimized aerogel electrodes 
can be incorporated into a desalination cell. 
Additional work was done as educational outreach, for the purpose of investigating the 
most efficient methods to communicate scientific concepts to middle school students. In light of 
recent water contamination scandals, the students were taught methods used by engineers and 
average citizens to clean water containing common contaminants. Two separate student groups 
were chosen, one in Chicago, Illinois and one in Urbana, Illinois. These groups varied mainly in 
educational background and neighborhood environment. Either group was presented with a task 
of using two different types of filters (a granular filter and sand filter) to ‘clean’ contaminated 
water. This involved a presentation on the overview of water filtration and the engineered water 
cycle. Subsequently, both groups performed a hands-on activity that involved the assembly and 
testing of water filtration devices. Observations from presentation to the first group of students 
helped to better plan the second group's demo session - changes in the lesson plan included 
making the presentation shorter, more closely walking the students through the assembly and 
testing procedures, and reduction in the amount of written quizzes taken. Pre and post quizzes 
show the increase in knowledge of engineering, policies in the field, the engineered water cycle, 
and confidence in personal ability in the field of science. 
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CHAPTER 1: INTRODUCTION 
 
With increasing global population and environmental pollution, water scarcity is 
becoming a global issue. According to the United Nations, there are expected to be 2 - 7 billion 
people living with water stress in 2050, with water withdrawals increasing by 55%. As 
freshwater only makes up less than 3% of the global supply, the water treatment industry is 
becoming increasingly reliant on desalination and brackish water supplies [4]. With an 
expanding world and a shrinking water supply, humanity must learn to optimize and innovate 
water capture and treatment processes. 
Saline water, such as sea and brackish water, must go through a process of desalting in 
order to be useful for most industrial and residential purposes. There are many different 
techniques to desalination. Currently, reverse osmosis (RO) is considered state-of-the-art – a 
pressure-driven membrane technology that involves applying osmotic pressure to a semi-
permeable membrane separating a saline water stock from a pure water stock, rendering the 
diffusion and deionization of saline water energetically favorable. Even though RO is the most 
efficient in the field currently, the energy costs required are several times higher than the 
theoretical minimum. It is an extremely inefficient and energy intensive process [5] [6] [7]. 
Capacitive deionization (CDI) is an alternative desalination technique. By employing 
energy recovery and optimizing performance parameters, within brackish-level salinities, 
capacitive deionization has the potential to be a less energy intensive desalination method than 
any of the other techniques [1].  
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The general set up of a CDI cell consists of an anode electrically connected to a cathode, 
separated by a channel of saline water. The anode and the cathode are composed of symmetric 
electric double layer capacitors. Upon charging of the cell, these electrodes are polarized, 
allowing the charged ions in the saline water to be stored in the electrical double layers of the 
porous carbon (Figure 1A). Once the original batch is deionized, it is replaced with a high 
concentrate brine solution, which is meant to receive any purged ions when the voltage is 
reversed or removed (Figure 1B) [8] [9]. 
 
 
 
\ 
 
A common metric of potential performance is capacitance, the ability of the electrode 
capacitors to store ions. Significant progress has been made in recent years to increase the 
electrode's capacitance and thus the cell's ability to desalt feed solutions. More recently, hybrid 
desalination cells have coupled battery material cathodes with 3D porous carbon network 
Figure 1.  Diagram of conventional CDI cell. A) Adsorption. The stronger the polarization, the more ions 
are removed from the saline solution [24].  B)  Desorption. The waste stream is a concentrated brine 
solution.  
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anodes. This allows for capacitive as well as faradaic ion storage, increasing the overall specific 
capacitance of the unit. 
The stable, structurally diverse battery material sodium manganese oxide has many 
applications, including use in sodium ion batteries, fuel cells, and in electric grid design. It has 
also been employed in various atomic arrangements and phases of crystallinity as electrode 
material in hybrid capacitive deionization (HDCI) cells. 
There are countless techniques to fabricating manganese oxide. One technique, electro-
less deposition, has been shown to deposit varying amounts of amorphous, conformal manganese 
oxide on a porous activated carbon support depending on duration. 
The objective of this work is the characterization of a composite activated 
carbon/transition metal oxide electrode (MnO2 - coated carbon aerogel) through studying several 
fabrication procedures and their effects on electrochemical properties. Electro-less deposition 
duration, Li+- ion exchange deposition, and heat treatment were experimentally altered variables 
of electrode fabrication. Then the resulting cyclic voltammograms profiles can be compared and 
analyzed for patterns concerning ion selectivity and specific capacitance. 
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CHAPTER 2: LITERATURE REVIEW 
 
2.1 Water Scarcity 
 
A concerning issue in today's world is the international water crisis. With climate change 
and an increasing population, water scarcity is becoming a global reality. The World Economic 
Forum ranks this growing scarcity as the largest threat facing the planet - potentially affecting 
the state of international sanitation, poverty, ecosystems and more [10]. The population facing 
water scarcity has increased from 14% of the global population in the 1900s to 58% in the 2000s. 
As of 2016, 67% of the global population (4 billion people) face severe water scarcity at least 
one month of the year [11]. This topic has been covered in detail by many authors, and 
predictions show that the resources we have will not be enough to sustain the population over the 
next century unless changes are made to our use and reuse of natural resources  [12] [10] [13]. 
Around 98% of the water on earth is either sea or brackish water. Seawater can be 
defined as water with around 35,000 ppm of total dissolved solids (TDS). Brackish water, which 
is mainly held in groundwater aquifers, has a lower salinity of around 4000 ppm [14]. The 
purification of salt water (both brackish and seawater) is becoming increasingly crucial to the 
survival of humanity. There are many techniques to desalinate water, including reverse osmosis 
(RO), electrodialysis, and thermal separations. Regardless of the process used, a minimum 
energy of 1.6 kWh m-3 is required to desalt seawater, with 0.17 kWh m-3 needed for brackish 
water (for a recovery ratio of 0.5) [1] [15]. Reverse osmosis, a pressure-driven membrane 
system, is currently state-of-the-art and the fastest growing method of desalination. Still, RO 
involves significant energy costs, using around 2.9 - 3.7 kWh per m3 of seawater treated, or 1.5 
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to 2.5 kWh per m3 of brackish water. [1] [16]. This is several times the theoretical minimum to 
separate ions from pure water, and this energy cost is greater still with larger sized plants [17] [5] 
[6]. Needless to say, there is room for improvement in the energy consumption of desalination. 
 
2.2 Introduction to CDI 
 
 Capacitive deionization (CDI) is an alternative desalination technique. It relies on the 
charging and discharging of a pair of electrodes, an anode and a cathode, separated by a channel. 
First, a saline feed stream flows through this channel and the cell is supplied with electrical 
energy (either constant current or constant voltage). When fully charged, the electrodes polarize 
and the system acts as an ideal capacitor. At this point, the charged ions in the saline solution 
attract to the oppositely charged electrodes, in a process called ion electro sorption. This is the 
adsorption step, as the ions are all stored on the surface or in lattice sites on the electrodes. The 
feed stream is purified, as it is now free of charged ions. Next, the purified stream is flushed out 
and replaced with a brine stream. This acts as a waste stream for the previously adsorbed ions 
once the cell is discharged by either shorting the circuit or reversing the voltage or current. If the 
cell is discharged under controlled conditions, the stored energy can be recovered [18]. The 
concentrated brine stream is disposed of and another stream of saline water follows it, getting 
purified as the first stream of feed solution was. 
The early concepts of CDI were first laid out in the 1960s and 70s. The pioneering work, 
by Blair, Murphy, and their assistants started off as the "electrochemical demineralization of 
water" [19]. This process was thought of as an electrochemical process by which carbon - based 
electrodes with organic surface groups become anion-/cation-selective, thus becoming capable of 
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removing certain ions from water [20] [21] . The original idea was to compete with conventional 
methods for removing metal ions, such as ion exchange resin towers, without employing 
chemical regeneration procedures. Johnson and another team of researchers performed 
parametric studies on the theoretical basis of CDI and different possible electrode materials. 
Upon performing a cost analysis, he realized the importance of high surface area, stable 
electrodes [23] [24]. Johnson also made a theoretical breakthrough, realizing the electrical 
double layer (EDL) was responsible for the ion removal.  
The EDL is a transition zone at the interface between the electrolyte and the electronic 
conductor (the electrode). It is thought to be divided into two parts, the inner, Hemholtz region 
where the ions cover the electrodes surface, as well as the 'diffusion' region, where the charge is 
dependent on the surface potential [25] [26]. Johnson then drafted the original take up and 
release process for desalination [27]. The next year, in 1971, Johnson and Newman teamed up to 
conduct experiments resulting in the conclusion that ion removal was also related to the electrical 
capacity of the EDL, the amount of surface area present on the electrodes, and the applied cell 
voltage [28].  
Capacitive deionization as a desalination technique draws significance from the amount 
of salt that can be extracted from water. A metric that is becoming more common in CDI is the 
energy per mole of salt extracted (kWh mmol-1) in favor of the energy per gram of salt [29]. This 
accounts for various salts that may be able to be removed but have different molecular weights 
than NaCl. Performance can be indicated by relating the number of moles of salt removed to the 
electrical energy required to do so.  
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Because salt consists of charged particles, the number of moles of electrons able to be 
stored in an ideal capacitor/electrode (the capacitance) is directly related to the number of moles 
of charged salt ions able to be stored. Equation 2.1 quantifies capacitance [30]:   
 
𝐶 =  
𝑄
𝑉
=
𝜀×𝐴
𝑑
  [Equation 2.1] 
 
Where the capacitance, C, is determined based on the permittivity of the dielectric 
medium, , the area of the capacitor, A, and the distance between the plates/electrodes. Because 
the distance between electrodes is less than a millimeter, most of the variability comes down to 
the strength of the electrolyte (the dielectric), and, more importantly, the area of the capacitor. 
The cell's differential capacitance, C, in Farads can be also be described in the following 
equation  [1]: 
 
𝐶 =  𝐼 (
𝑑𝑉
𝑑𝑡
)
−1
  [Equation 2.2] 
 
where I is the current in Amperes and V is the cell's voltage in Volts. The material's specific 
capacitance (F g-1 or F cm-3) can be determined through cyclic voltammetry [31]. 
  Using a potentiostat, the voltage of the cell can be increased at a steady scan rate, 
producing a positive response current. Then, if the voltage is reversed and begins to decrease, the 
response current will flip signs and start creating a profile with a negative response current. In 
theory, the resulting profile should be symmetrical, and also encompass an area proportional to 
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the specific capacitance of the system. Rectangular profiles signify proximity to ideal capacitor 
behavior. Resistance is proportional to the reciprocal of the slope, due to Ohm's Law.  
The Poisson - Boltzmann equation governs the electrostatic potential distribution at the 
charged surface when it is in an aqueous electrolyte solution. It predicts electrostatic interactions 
between solvated molecules. Thus, it also predicts the potential distribution at the EDL [32] [33]. 
The modified Donnan model describes the equilibrium cell EDL structure when the surface of 
the electrode consists of micropores. It models the micropores with overlapping EDLs, 
something not taken into account by the Guoy Chapman model for EDLs. This modified model 
says that the pores act as charge reservoirs and are not equal to an equilibrium chemical potential 
in the system as previously thought [34].  
 
2.3 Performance Metrics 
 
The field of CDI relies on common metrics to describe and asses the desalination process. 
Common metrics used to characterize material, energy, and throughput include the salt 
adsorption capacity (or, SAC, measured in mg g-1 of electrodes) [35], average salt adsorption rate 
(or ASAR, measured in mg g-1 s) [36], energy consumption per mole of salt removed (in kJ mol-1 
) [37], energy normalized adsorbed salt (or, ENAS in mol J-1 ) [38], and specific energy 
consumption (in mg J-1 ) [39] [40] [41]. 
The salt adsorption capacity is determined by factors such as the potential of zero charge 
(PZC) and the capacitance. The PZC is a parameter that affects the performance of a CDI cell, as 
it is the potential at which a carbon electrode will read zero charge [42]. This is directly 
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dependent on the surface chemistry of the electrode and the charges of the functional groups 
present on that surface.  This potential is also influenced by the pH of the electrolyte.  
Common metrics have been defined to describe the conditions of CDI performance. Over 
time, cell architectures have also been defined, in order to classify the setup of CDI systems. 
 
2.4 Various CDI Flow Cell Architectures 
 
The aim of capacitive deionization is to be an energy efficient desalination technology; 
thus, the energetics of the system greatly affect its desalination performance and thus determine 
its success [43]. One way to increase cell performance is to optimize the cell architecture. This 
refers to the physical geometry and setup of the desalination cell. The general CDI cell consists 
of two electrodes separated by a flow channel. There are several different alterations on this 
design [9] [9] [43]. 
Some of the earlier designs of CDI cells are flow-by CDI cells (FB-CDI), with a channel 
of water flowing between the electrodes, in contact with both the anode and the cathode. 
Around the 1970s, the US Department of the Interior published a paper describing a 
flow-through set up (FT-CDI)  [45] wherein water flows directly through the electrodes, 
orthogonally. In this geometry, the pore network must be continuous and sized so salt ions, not 
water, are able to get through. While FT-CDI cells may need higher feed pressures, they are 
usually able to be more compact and usually produce better desalination rates [46]. FB-CDI 
usually achieves better performance (higher SAC and charge efficiency) than FT-CDI cells due 
to a lower contact resistance and fewer faradaic, parasitic reactions [47]. These are not to be 
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confused with flow-CDI (FCDI), a design that encompasses a flowing carbon slurry as the 
electrolyte. 
Flow electrodes were first invented in the 60s and employ carbon particle suspensions as 
the electrolyte. Later, this carbon slurry was used in systems as the electrode, providing an 
electrically conductive route of charge transportation.  A discovery of the true potential of carbon 
flow CDI (fCDI) came when flow electrodes were separated into two channels by ion exchange 
membranes in a way that allowed the carbon flow electrodes to circulate and be regenerated [48] 
[49]. This reduced limitation on the ion uptake capacity. These types of cells are now known for 
their ability of continuous deionization and high desalting efficiency, the capacitance must be 
high and the resistance must be low to achieve low energy consumption [50]. 
In terms of the source of operation, CDI desalination cell energy is supplied either via 
constant voltage (CV)  [51] [52] [53] [54] or constant current (CC)  [56] [57] [58].   In constant 
voltage operation, a significant amount of energy can be recovered, however, it uses a significant 
amount of energy when compares to constant current [43]. It has also been proven that constant 
current has a lower energy consumption per ion removed [58]. 
 
2.5 Chemical Modification of Capacitive Deionization 
 
The traditional CDI design is often altered in some way to achieve better performance – 
this includes adding a membrane, using aqueous instead of solid phase electrode, etc. One major 
flaw in the CDI process occurs during the point in which the cell system changes polarization. At 
this point, the electrodes desorb previously adsorbed ions while simultaneously adsorbing 
oppositely charged ions. Because these two technically occur at the same time, there is an issue 
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of co-ion adsorption, the adsorption of ions to an electrode of the same charge. Capacitive 
deionization with membranes (MCDI) use ion exchange membranes as selective gates towards 
the ions, limiting unwanted, energy-depleting electrodynamics [60] [61]. 
There are two different types of membranes, cation-exchange membranes (CEM) and 
anion-exchange membranes (AEM). These membranes prevent the passage of a certain ion while 
allowing the permeation of another [62]. The CEM is put in front of the cathode to block the 
passage of anions while an AEM is put in front of an anode to block the passage of cations. This 
limits the unfavorable co-ion adsorption effect, a parasitic process [63]. By eliminating this 
energy loss, the charge efficiency of the cell improves [64]. In 2006, Lee proposed the theory 
surrounding ion exchange membranes by demonstrating the salt removal rate of MCDI system is 
19% higher than that of a conventional CDI system, a claim backed by multiple studies [65] [66] 
[67] [68] [69]. More recently, Zhao has shown when feed water salinity is below 2 g L-1 TDS 
and effluent TDS is above 0.5 g L-1, an MCDI cell can be more efficient than reverse osmosis 
[61]. Many common desalination designs use membranes as a part of their set up. For instance, 
flow CDI cells (FCDI) are able to employ them in a cell that cycles aqueous phase slurry in place 
of solid state materials [70] [71] [72]. A FCDI cell can desalinate continuously thanks to the 
individual carbon electrodes, which can be replaced for an increased capacitance.   
Another capacitive design would be inverted CDI (i-CDI). This design tackles the 
diminishing voltage - induced adsorption and desorption cycles that result from continuous 
cycling and unfavorable carbon oxidation.  By enhancing charged functional groups on the 
surfaces of the carbon electrodes, the cathode can be rendered negatively charged while the 
anode can be made to be positively charged - inverting the traditional CDI process. This gives an 
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increased performance stability and limits separation performance loss due to unwanted carbon 
oxidation [73]. 
 
2.6 Deionization with Redox Active Materials 
 
There exists a spectrum in energy storage devices. These can be classified into capacitors, 
electro-chemical capacitors, batteries, and fuel cells. CDI cell designs fall into the electro-
chemical capacitor category, with energy being stored via a double layer between an electrode 
and an electrolyte. However, different CDI designs can behave more towards the capacitor end 
or the battery end of the spectrum.  
This can be clearly shown in a Ragone plot (Figure 2). Battery behavior would be 
classified as involving a faradaic reaction, a slower process but with more specific capacitance. 
Capacitor behavior would involve storage of energy in the electrical double layer - a faster 
process but with less specific capacitance. This translates on a Ragone plot as capacitors having 
relatively higher specific power while batteries have relatively higher specific energy [75].  
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Conventional CDI cells would fall more towards behaving as an ideal capacitor. This 
design works using two identical, capacitive activated carbon electrodes.  These store charge at 
the interface of an electrolyte and a carbon electrode, in electrical double layers. Porous carbon 
material in CDI is chosen for its mechanical support, high surface area, and electrical 
conductivity. Because surface area of an electrode is such an essential variable in conventional 
CDI design, much effort is put into electrode material optimization. There are countless high-
surface area carbon structures viable for use in CDI cells as well, such as resorcinol-based 
mesoporous carbon [76], carbon suspension (slurry), carbon nanotube sponges [77] and carbon 
nanofibers [78]. Using a wet chemical technique called the aqueous sol-gel method, organic 
chemicals such as resorcinol-formaldehyde (RF) can be treated in a way that, when pyrolyzed, 
Figure 2: Named after David V. Ragone, a Ragone plot shows how much energy is available 
versus how fast that energy can be. supplied for various energy storage devices. Both axes are 
logarithmic. [75] [190]. 
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produce a porous, carbon, solid 3D network and therefore extraordinarily high surface areas 
(from 400 to 800 m2 g-1) [79] [80]. With extremely high surface areas, carbon aerogels can be 
expected to have a charge storage of around 100 – 200 F g-1 [81] [82]. 
On the other end of the spectrum lie CDI cells who act more like batteries. In this, CDI 
cells employ battery materials that allow ions to be captured by chemical bonds instead of the 
electrical double layer. Battery materials are used because of their high specific capacity and 
their chemical structure, involving lattices in which ion intercalation is possible [83] [84] [84] 
[85] [86] [87].   
One design that leans far towards battery behavior was pioneered by Pasta and Wessells 
in 2012, called the desalination battery. This design used an NMO cathode and an Ag/AgCl 
anode to remove sodium and chloride ions from water. Both sides operate using faradaic 
principles. The specific capacitance and ion selective properties were an advantage of this 
design. However, the AgCl's cost and poor electrical conductivity was a major flaw.  
Another design leaning towards battery-like behavior is the rocking chair desalination 
battery, introduced by Seonghwan and Jeyong in 2017 [88]. This design consists of two 
symmetric faradaic electrodes (sodium nickel hexacyanoferrate (NaNiHCF) and sodium iron 
HCF (NaFeHCF)) with compartments separated by an anion exchange membrane. Taking 
inspiration from rocking chair supercapacitor systems, ions move during the charging and 
discharging steps [89]. However, because the AEM limits cation mobility, charging and 
discharging the cell further concentrates one compartment while diluting the other. Brine is 
generated as one cell is desalinated. This system has proven to have such a high desalination 
capacity that it is able to desalt seawater [88]. 
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Everything in between capacitive and battery-like CDI cells are considered a mixture of 
the two concepts. Asymmetric system designs work by employing two different types of 
electrode material, thus being able to take advantage of faradaic material's high specific 
capacitance while also harnessing the stability, conductivity, and abundance of carbon-based 
materials.  
Hybrid capacitive desalination cells (HCDI), a type of asymmetric design, involve the 
battery material sodium manganese oxide (NMO, a non-toxic and abundant) and a porous carbon 
electrode separated by an AEM (Figure 3). The sodium ions are 'captured' in a chemical reaction 
with the NMO, while the chloride ions can adsorb to the porous carbon surface [2].  
 
Nax-y MnO2  +  yNa
+ + ye-   Nay MnO2     [Equation 2.3] 
 
The sodium ions are adsorbed into lattice sites of the faradaic electrode at redox 
potentials, while the chloride ions are adsorbed into the EDLs of the activated carbon electrode.  
This set up has been shown to more than double the ion removal sorption capacity seen in 
conventional cells [68] [90].  
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CDI cells have electrodes connected in series. Hybrid cell design employs one faradaic 
material with higher specific capacitance than the other capacitive material (Figure 3). Because 
CDI electrodes are connected in series, the whole cell specific capacitance is a function of either 
electrodes individual electrical capacity [60]. This means the cell capacitance is maximized when 
either capacitor has an equal contribution - when they are unequal, the total cell capacity is 
limited. Therefore, the ratio of the electrode material on either electrode is critical to material 
cost optimization.  
This ratio can be maximized by increasing the capacitance of the carbon material (by 
choosing a material with a large surface area and extensive pore network), or by judiciously 
choosing the ratio of faradaic material to capacitive material.  
 
Figure 3: A flow - through, hybrid 
CDI cell.  
17 
 
2.7 Redox Electrode Materials Employed in CDI 
 
Asymmetrically designed cells and composite electrode material have been made using 
carbon paired with a carbon/battery material, allowing for the harnessing of multiple material 
properties. For example, an HCDI system with AC/Na4Mn9O18 exhibits double the ion sorption 
capacity of a typical CDI cell (31.2 mg g-1 vs. 13.5 mg g-1) [91],  
When AC/Na2FeP2O7 is used in a HCDI cell, it exhibits a similar deionization capacity 
(30.2 mg g1), with an impressive maximum deionization rate performance (0.081 mg g-1s-1) [92]. 
Layer by layer deposition of carbon nanotubes (CNTs)/MnO2 composite shows an ion adsorption 
capacity of 80.4 mol g-1, also showing a high salt removal efficiency (96.8%) [93].  The 
composite reduced graphene oxide (rGO)/Fe3O4 shows a maximum electro sorption capacity 
prediction of 8.33 mg g-1, roughly twice that of with a pure rGO electrode [94]. The asymmetric 
system utilizing hierarchical ordered mesoporous carbon (HOMC)/Ag nanoparticles and was 
able to achieve a 63% increase in comparison to a symmetric electrode  [95]. The HCDI system 
that uses rGO/Co3O4 shows an ion removal capacity of 18.83 mg g
-1, with an maximum ion 
removal rate of 0.048 mg g-1 s-1 [96].  
Transition metal oxides, a subsection of battery materials, have been employed in 
desalination cells. Multitudes of these metal oxides have been employed, such as nickel oxide 
[97], cobalt oxide [98],  ruthenium oxide [99] [100], tin oxide [101] and also manganese oxide 
[102] [103]. 
Metal oxides in the form of nanoparticles introduce a higher surface area on the carbon 
support, thus increasing sorption capacity [104] [105]. Planar metal oxides are also very well 
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studied, with examples including chemical compounds such as TiO2 [106], Fe3O4 [107], Al2O3 
[108], and ZnO [109], [110] [111]. 
 
2.8 Phase Transitions and Electrochemical Properties of Manganese Oxide (MnO2) 
 
While not thoroughly studied in desalination cells, the transition metal oxide MnO2 
shows potential for use in desalination cells. Originally used in electrochemical capacitors (ECs) 
[112], MnO2 is a highly stable  material that has a relatively large specific capacitance, ranging 
from 110 to 287 F g-1 in its amorphous state [113]. A real advantage of MnO2, however, is the 
structural diversity - there are about 30 known polymorphs of this mineral, including crystal 
structures and various chemistries that have the potential to be used for ion removal in HCDI 
cells [114]. Manganese oxide also consists of a redox pair with high electrochemical activity, 
Mn3+/Mn4+, and therefore high ion removal capacity [115] [116]. 
The transition metal manganese oxide (MnO2) is capable of storing Na
+ from aqueous 
electrolytes - with the stoichiometric ratio between Na+ to MnO2 being 1 to 1 instead of 4 to 9 as 
seen in previous studies with sodium manganese oxide [3] [117] [118]: 
 
MnO2  +  Na
+ + e-   MnOONa+                  [Equation 2.4] 
 
A lower ratio is more favorable in terms of MnO2 material cost. This cation intercalation 
happens during the reduction of the electrode and de-intercalation that happens upon oxidation of 
the electrode [119]. In electrochemical desalination cells, MnO2 - coated porous carbon 
electrodes have a large ion storage capacity but undergoes significant volumetric changes with 
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charging and discharging. To counteract this cycle instability, synthesis is often in the form of 
thin films, nanowires, spinels, and crystalline structures [120] [121]. 
The relevant original phase for the MnO2 used in this study is amorphous, as its chemical 
structure is unordered. Electrochemical property shifts, such as increased capacitance or 
selectivity, accompany the phase transition from amorphous to crystalline MnO2. One objective 
of this work is to facilitate that phase transition. 
These transitions can be coerced by wet chemical ion exchange and heat treatment. Both 
Sassin and Donakowski demonstrated that in Na+ - MnOx, topotactic ion exchange of interlayer 
Na+ to Li+ eventually will, upon heat addition, give way to a 3D extended, spinel, lithiated phase 
(LiMn2O4@CNF). The effects are shown in the cyclic voltammograms of either paper (Figure 4), 
which demonstrate the facilitation of redox reactions and the resultant increase in specific 
capacitance.   
 
2.9 Various Manganese Oxide Fabrication Techniques 
 
Various synthesis methods have been used to tailor favorable characteristics of MnO2. By 
utilizing an ultrasonic assisted wet-chemistry fabrication technique, MnO2 can be confined 
within carbon nanotubes - resulting in a material with impressive electrochemical reversibility  
and a specific capacitance of 225 F g-1  [122]. A slightly greater specific capacitance of 292 F g-1 
can be achieved by nano structuring MnO2 using the one pot strategy [123]. Layered deposition 
of MnO2 also results in an exceptional specific capacitance (345 F g
-1), in addition to resulting in 
improvement of electrical conductivity [93]. Very little volume expansion is observed across 
cycling when MnO2 nanoparticles are used to enriched polymer nano wires. This material also 
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exhibits high conductivity, as well as a noteworthy specific capacitance (410 F g-1) (Liu & Duay, 
2010). Electrodeposition of mesoporous MnO2 minimizes volume changes across repeated 
cycling as well, leading to incredible stability and thus the ability to retain 98% of its capacity 
after 10,000 cycles [3] [124]. Electro-less deposition coating of amorphous MnO2 onto porous 
nanofoam via self-limiting reaction produces a high surface area interface between nanoscopic 
MnO2/carbon nanofoam; this leads to a large reversible capacity (801 mA h g−1), as well as 
good cycling stability (no capacity fade in first 20 cycles) [125] [126] [3].  
Electro-less deposition is a fast, reproducible, financially feasible way to deposit metal 
nanoparticles and polymers onto activated carbon.  It is autocatalytic and simply requires a 
substrate be dipped in the electro-less solution containing the metallic ions. 
The electro-less deposition of permanganate onto a carbon nanofoam is a self-limiting 
redox reaction that acts to deposit macroscopic levels of amorphous MnO2 onto a nanofoam 
substrate. The MnO2 is able to infiltrate and react with the surface and pores of the carbon 
nanofoam. As the internal MnO2 coating grows thicker with increased deposition times, the 
average pore size shifts to smaller sizes and the overall pore volume decreases. The pseudo 
capacitance of the composite has also been proven to increase with deposited MnO2 [127]. 
Inventor and prominent researcher Anne E. Fischer filed a patent on this procedure in 2007 
(EP2061607A2 with the European Patent office). 
Recent research of the electro-less deposition of MnO2 onto porous carbon as it relates to 
capacitance, and optimized performance parameters. In Hand’s work, increased electro-less 
deposition time leads to an increase in capacitance and maximization of performance parameters 
such as sodium adsorption. However, with increased electro-less deposition times, there are 
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diminishing returns [3].  The effect of deposition times of MnO2 has yet to be related to other 
electrochemical properties. This work will explore its effects on ion selectivity. 
 
2.10 Ion Selectivity 
 
The chemical nature of metal oxides plays a large role in ion selectivity. For one, the 
lattice geometry and degree of crystallinity is influential in the selective nature of such chemical 
compounds. CDI systems that exhibit ion selective properties towards multi ion solutions have 
applications in water softening [128] , contaminant ion sieves [129], and heavy metal ion 
removal [130]. While lithium battery materials (LIBs) and their lithium ion-selective nature have 
been investigated [131] [86] [132], sodium ion battery materials, such as sodium manganese 
oxide, have not been studied as much.  
Sodium manganese oxide (Na0.44MnO2) and various phases of MnO2 have been shown to 
selectively separate Na+ and other cations from mixed solutions [133] [134].  Ion selectivity has 
been linked to the chemical charge of the ion being adsorbed, lattice site size, hydrated radius, 
and initial molar concentration  [135] [136] [137], with the preference being for monovalent 
ions.  
Hydration shells are a good prediction of the actual size of various ions. Because 
electrolytes dissociate in aqueous solutions, the intercalation ion will be charged and hydrated. 
Therefore, the intercalating ion will have a hydrated radius which is many times the size of the 
anhydrous ion. For the electrolytes KCl, NaCl, LiCl, and CaCl2, hydration shells mean the 
intercalated ion size goes (in ascending order) K+ <  Na+ <  Li+ <  Ca2+ [138] [139] [140] [141]. 
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Diffusion coefficients, with units in cm2 s-1, help to quantify the diffusion of aqueous ions 
in a solution due to molar flux and molecular diffusion.  The larger the diffusion coefficient, the 
less resistance it experiences. The acceding order for the aforementioned list of ions goes [139] 
Ca2+ <  Li+ < Na+ < K+. Interestingly enough, the order of the ions is exactly reversed. Therefore, 
the smaller the ion, the less resistance it experiences due to molecular diffusion. 
In this study, we characterize the performance of MnO2 - coated porous carbon aerogel 
electrodes while varying procedural fabrication. The various conditions help to see the progress 
(or lacktherof)) from phases to phase. We perform Li+ - ion exchange and heat treatment on the 
amorphous MnO2 phase, in order to create a lithiuated, crystalline structure with increased 
capacitance and ion selectivity capabilities. Additionally, we will vary the electro-less deposition 
in order to optimize capacitance and eventually performance parameters. By varying the 
electrolytic solution (Na+, Li+, Ca2+, K+), we can study the cathode's faradaic ion uptake 
mechanism and the factors influencing it across these various electrode fabrication conditions. 
Future work involves the optimization of operation parameters such as flow rate, current density, 
and molar concentration once the optimized aerogel electrodes can be incorporated into a hybrid 
capacitive deionization cell. 
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CHAPTER 3: MATERIALS AND METHODS 
 
3.1 Electrode Synthesis 
 
 In order to explore various fabrication conditions and their results on ordered, Li+ - 
deposited, MnO2 - coated carbon aerogels , a matrix of experimental conditions was created, then 
systematically tested (Table 1). These conditions are outlined below.  
 
Condition MnO2 deposition time Li+ deposition Heat to 300 °C under Ar (g) 
1 15 + - 
2 240 - - 
3 15 + - 
4 240 - - 
5 15 - + 
6 240 + + 
7 15 + + 
8 240 - + 
9 none - - 
10 none - + 
 
 
Phase 1: Electro-less deposition 
 
Precursor carbon aerogels (Type I, Marketech International, USA) were vacuum filtrated 
with 0.1 M Na2SO4  overnight to wet all the aerogel pores [142]. The aerogels were then 
Table 1: A matrix outlining the various carbon aerogel fabrication conditions. There were four variables 
of fabrication – deposition time, lithium ion exchange, and heat treatment. Two controls were also 
fabricated. These experiments were all in triplicate. 
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coated via electro-less deposition using 0.1 M Na2SO4  and 0.1 M Na2MnO4 for durations 
of either 15 or 240 minutes (ED15 or ED240) [3]. The carbon substrate acts as a reducing 
agent in converting aqueous permanganate (MnO4
-) to insoluble MnO2. The result is 
deposition of nanoscale MnO2 throughout the 3D porous carbon aerogel network. The 
aerogels were subsequently left under nitrogen for four hours. Deposition was done to 
conditions 1 – 8. Only deposition was done to 2 and 4.  
 
Phase 2: Ion Exchange 
 
The carbon aerogel electrodes were then soaked in aqueous 1 M LiNO3 for 24 hours at 25 
℃ to exchange Na+ ions for Li+ ions. After rinsing, they were placed under vacuum for 2 
hours and then under flowing N2 (g) at 50 ℃ for 12 hours [143]. Conditions 1, 3, 6, and 7 
experienced lithium deposition.  
 
Phase 3: Heat Treatment 
 
The electrodes were heat treated to convert the amorphous structure to crystalline 
structure. Briefly, the electrodes were placed under flowing argon at 2 ℃ per minute to 
300℃ for 4 hours in a tube furnace. Afterwards, the electrodes were placed in a muffle 
furnace under static air at 200 ℃ for 6 hours. This was done under flowing N2 (g) [144] 
[143]. Conditions 5 – 7 and 9 experienced heat treatment.  
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3.2 Characterization 
 
The deposited aerogels were characterized in terms of chemical composition and pore size 
distribution. For the elemental makeup of the sample, thermogravimetric analysis (TGA) 
(PerkinElmer Pyris 1, USA) was performed on the sample. In order to find the surface area of the 
aerogel per unit mass, the Brunauer, Emmett, and Teller (BET) analysis was performed 
(Micromeritics ASAP 2020, USA). Electrochemical performance of the deposited aerogels was 
determined with cyclic voltammetry. Cyclic voltammetry was done using a potentiostat 
(Biologic VMP3, France) and a three-electrode system with 0.1 M electrolytic solutions 
(NaCl, KCl, CaCl2, LiCl). The reference electrode was KCl saturated Ag/AgCl2, while the counter 
electrode was dimensionally stable ruthenium metal oxide coated titanium. The voltage window 
Figure 4: The treatment process of the aerogels. The bare carbon aerogel (1) underwent MnO2 
deposition then underwent Li+ ion exchange. The resulting products were then heat treated. 
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ranged from -0.1 to 0.8 V. All of the cycles taken were repeated several times to more accurately 
record the system's state. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: A three - electrode set up. The circuit dynamics are output using a potentiostat. 
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CHAPTER 4: RESULTS AND DISCUSSION 
 
4.1 Physical Characterization 
 
BET analysis was done on the carbon aerogel with an MnO2 deposition time of 15 minutes. This 
provided information on surface area per mass of MnO2 (Table 2). It was found to be much lower 
than previous literature values of the same material and deposition time. On the other hand, the 
thermogravimetric analysis resulted in the MnO2 content being almost twice as much as previous 
literature values of the same material and deposition time. These physical characterization results 
imply the MnO2 deposition rate was higher than previously reported values [3].  
 
 
 
4.2 Electrochemical Characterization 
 
To observe their electrochemical properties, each fabricated electrode was placed in a three - 
electrode set up, done with each of the various electrolytic solutions. The resulting cyclic 
voltammograms (CVs) give information on the electrochemical responses of the electrodes - this 
helps to characterize the electrode material. The graphs presented are the curves produced only 
Technique Information sought Parameter Literature Value 
BET Analysis Area / mass (𝑚2 𝑔−1) 170 399 
TGA MnO2 content 14.64% 6.90% 
Table 2: The physical characterization of carbon aerogels when deposited for 15 minutes. Values were 
compared to Hand's characterization of the same material [3]. 
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after the system ran for three or four cycles. The graph below (Figure 6) shows the cyclic 
charging behavior of the bare carbon aerogel control, in which no deposition, ion exchange, nor 
heat treatment occurred. The y - axis has been formatted to show the specific capacitance, 
however, raw cyclic voltammograms are of the current produced versus the potential applied 
between the working and reference electrode. This acts as a capacitance baseline. As we can see, 
the variance in the electrode capacitance when exposed to different electrolytic solutions is 
nominal indicating that the electric double layer storage mechanism of the aerogel did not exert 
ion-selectivity. 
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Figure 6: This CV is of the bare carbon aerogel. NaCl is not included in this graph due to 
unsatisfactory noise in the signal.  
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The next graph (Figure 7) is of the bare carbon aerogel after 15 minutes of Mno2 deposition. At 
this level of treatment, Hand's specific capacitance increased from 36 F/g for a bare carbon 
aerogel to 47 F/g after 15 minutes of deposition. A 31% increase attributable to the 15-minute 
deposition. For this study, the average specific capacitance across all electrolytes went from 47.6 
F/g with no treatment to 71.9 F/g with 15 minutes of deposition. That's a 51% increase. This 
means that there was a larger increase in specific capacitance attributable to the 15-minute 
deposition time than expected.  
As for ion selectivity, the electrolyte impact on the capacitance of the cycle profiles is 
insignificant, as all the CV profiles are roughly identical in shape and profile. The rectangular 
nature of the profiles implies that the ions were stored largely capacitively in the rather shallow 
MnO2 coating. 
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Figure 7: The changes in specific capacitance due to electrolyte are nominal in this graph as well. 
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Below, Figure 8 shows the profile of a carbon aerogel having undergone electro-less deposition 
for 15 minutes as well as being heat treated. The deposition of a relatively small amount of 
amorphous faradaic material would be expected to slightly increase capacitance, while increasing 
the resistivity due to the addition of the low conductivity oxide layer. While there is no 
significant difference between electrolytes, the average specific capacitance for this with both 
deposition and heat treatment is 74.5 F/g. This shows a small, 3.6% increase in capacitance from 
an aerogel with deposition but no heat treatment. This implies this small jump in capacitance is 
due to the heat treatment.  
Once again, the CV profile and capacitances have no discernible relationship to the electrolyte 
solution. The profile is rather rectangular again, implying a largely capacitive ion storage 
mechanism.   
31 
 
 
 
 
The CV in Figure 9 (below) is for a carbon electrode that has undergone 240 minutes of electro-
less deposition as well as lithium deposition. It did not go through heat treatment. For this level 
of treatment, the average specific capacitance shown is 87.53 F/g, whereas Hand's paper shows a 
value of 92.8 F/g for 240 minutes of deposition alone. Going by that literature value, there was 
either a decrease in capacitance or no effect on capacitance due to the lithium deposition.  
Additionally, the profile looks more feather-shaped than rectangular. Increased resistivity 
of this profile be attributed to the low conductivity of the metal oxide layer deposited for a 
lengthier amount of time [145] [146]. No relationship between ion selectivity is observed across 
the electrolyte solution. Redox peaks aren't present in this voltage window either.  
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Figure 8: The Na+ - deposited and heat - treated electrodes. No redox peaks are observed across this voltage 
window, implying the absence of faradaic reactions.   
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In this CV (Figure 9), the profile of the CaCl2 electrolyte is larger than the other profiles. 
This could imply ion selectivity at this level of treatment; however, it is not exhibited in any of 
the other CVs. Additionally, when comparing the numeric specific capacitances across 
electrolytes, the averages are NaCl > CaCl2 > KCl > LiCl. This profile in which the CaCl2 is 
much larger than the other profiles can be attributed to experimental variability.  
 
 
 
The final graph, (Figure 10) shows an electrode that has undergone all conditions of 
treatment, with a deposition time of 240 minutes. The average specific capacitance is 72.5 F/g. 
This value is also lower than Hand's value for an aerogel only having underwent a 240-minute 
deposition, implying the lithium deposition and heat treatment condition led to a decrease or had 
no effect on the specific capacitance.  
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Figure 9: The MnO2 deposited and heat treated electrodes. No redox peaks are observed across this voltage 
window, implying the absence of faradaic reactions.   
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Figure 10: The increase in resistivity and average specific capacitance is thought to occur due to 
less hydration shells. 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 
 
The purpose of this study was to investigate the relationship between electrode 
fabrication techniques and the resulting effects on ion selectivity and specific capacitance. More 
specifically, carbon aerogels were coated in MnO2, subject to a Li
+ - ion exchange technique, and 
heat treated with the purposes of activated a more ordered, crystalline phase capable of ion 
selectivity and higher specific capacitance.  There were three main conclusions.  
 Firstly, the aerogel that was subject to 15 minutes of electro-less deposition experienced a 
higher rate of MnO2 content deposition than previous studies (at 399 m
2 g-1 vs 170 m2 g-1 [3]). 
The second conclusion was that on average, across all electrolytic solutions, there was an 
increase in specific capacitance from bare carbon aerogel to treated aerogel (be it electro-less 
deposition, ion exchange, and/or heat treatment). Lastly, because specific capacitances are 
approximately the same at low and high electro-less deposition times, the optimized duration 
should last for 15 minutes instead of 240 minutes.  
In terms of future works, the further characterization of the aerogels used in this study can 
help to identify the extent to which the heat treatment ordered the structure as well as the extent 
to which the Na+ ion interlayer was replaced with Li+ ions. This would be a start in explaining 
the mechanism or lack thereof in the aerogel behavior. As for the HCDI desalination cell, a new 
design should be able to employ the aerogel system with the desalination set up of a CDI cell 
without shorting the circuit, while simultaneously avoiding shattering and cracking the aerogel 
due to the applied pressure from the side plates. 
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CHAPTER 6: EDUCATIONAL OUTREACH 
 
6.1 Overview of Exercise 
 
The goal of this educational exercise was to provide students a hands-on experience of 
how environmental engineers use physics, chemistry, and math to improve the quality and safety 
of drinking water. Students were required to build and evaluate granular and membrane-based 
filtration devices to filter 'contaminated water'. 'Contaminated' meant it just had orange dye and 
small dirt particles inside, a way to symbolize dissolvable and undissolvable contaminants. 
During the activity, they were to time the filtrations as a way to compare the membrane vs 
granular filters.  
This was done on two separate occasions, to different groups of school students. The agenda 
for the lesson plan involved discussion, a short PowerPoint presentation, as well administering 
short quizzes to assess knowledge progression and retention. The topics covered were: 
- Classifying water quality  
- Relative sizes of varying water pollutants 
- The Chicago water cycle 
- The advent of water quality regulations in the U.S. 
- Introduction to chemical and physical water treatment methods 
- Introduction to various types of filters (membrane, granular/sand, and activated carbon) 
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Site Visits: 
STEM Day 1 
Date: February 19th, 2019 
School: Betty Shabazz International Charter School 
Location: 7822 S Dobson Avenue 
Chicago, IL 60619 
Audience: 32 middle school students (5th - 8th graders) 
 
STEM Day 2 
Date: April 25th, 2019 
School: Franklin Middle School STEAM Academy 
Location: 817 N Harris Avenue 
Urbana, IL 61820 
Audience: 11 middle school students (5th - 8th graders) 
 
6.2 Student Procedure 
 
Students were broken into small groups. Each group made and tested a sand filter (either rapid or 
slow) and membrane filtration device. Instructions for the slow sand filter were as follows: 
 
1. Gather a pop bottle with a cap and two filter cloths. 
2. Put the filter cloth on the mouth of the bottle and screw on the top. Hold it upside down, 
like a funnel. Don’t shake it. 
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3. WITHOUT shaking it or spilling the rocks, put 20 mL of both large and medium pebbles 
inside, then a light coating of small black pebbles. 
 
For the rapid sand filters, the procedure is the same except the pebbles are larger. When time to 
assemble the pre-ordered membrane filtration devices, the instructions were as follows: 
 
1. Place a beaker on the table. 
2. Hold the blue and black membrane syringe so that the label that says ‘flow’ points into 
the cup. 
3. Screw the bag on the top of the membrane filter. 
 
Afterwards, the students were to record the time to filter, in seconds, and the volume of water 
produced, in mL. It was presented as a fill in answer: 
 
Time to filter __________ s, Volume of water produced ___________ mL 
 
When the data collection was complete, groups with sand filters were to switch with groups with 
membrane filters and collect the filtration time and volume produced again. After everyone was 
done collecting and averaging their data, they were to fill out a data summary chart included in 
the Appendix. This chart helps them to find the overall filtration rate for both types of filters. 
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The activity was modified for STEM Day 2 in response to the audience of students as well as due 
to observations made during STEM Day 1. The second group is known to be more energetic, 
talkative, and include younger participants. The procedure was modified in the following ways: 
 
- There was no written data collection 
- Students had a discussion and volunteered to answer questions in lieu of getting a post 
quiz 
- Instructions were not written and followed by the students. Instead, I walked the entire 
class through each step for both filters. 
- The presentation was shortened 
 
Both groups received the same quizzes. Location I had a written pre and post quiz, while location 
II wrote the pre quiz and discussed answers for the post quiz. The questions were: 
 
1. Do you know where Chicago gets its drinking water from? 
2. Who sets the water quality standards for our drinking water? 
3. Can you see yourself possibly studying engineering/science in the future? Why or why 
not? 
6.3 Results 
 
For location I, Betty Shabazz Academy (BSA), the results of the pre and post quizzes tests are as 
follows: 
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There was a significant increase in the number of correctly answered questions at the first 
location (Figure 11), Betty Shabazz Academy (BSA). This success can be attributed to the length 
of the presentation being reduced from 15 minutes to 5 minutes, as well as the relevancy of the 
information presented. These students lived in Chicago, so explaining the system they already 
interacted with was interesting to them. They remained engaged through the entire oral 
presentation. 
Question 3 asked about the likelihood of the student going into a STEM field. The results are 
below (Figure 12). This shows that the number of students believing they can go into STEM 
increased due to the lesson (going from 41% to 48%). Meanwhile, the number of students 
answering maybe/no decreased due to the presentation (going from 22% to 7%). 
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Figure 11: There were 32 students that filled out the survey. 
40 
 
 
  
 
 
 
As for Franklin Middle School STEAM Academy, no post quizzes were given, in lieu of a group 
discussion. The amount of students who answered the pre quiz at Franklin Middle School (10 
students) was significantly lower than those who answered at Betty Shabazz (31 students)  
(Figure 13). This could be due to the fact the information wasn't local. The presentation was 
centered around Chicago water cycles. Additionally, the presentation was considerably shorter 
due to time constraint. 
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Figure 12: Students become more decisive and more confident in their ability to go into 
STEM. 
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Question number 3 asks if the students have confidence in the STEM subjects. The distribution 
shows the group at Franklin was relatively indecisive (Figure 14). 
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Group discussion showed several students extremely interested in answering the first two 
questions, evident by the number of raised hands. As for question 3, regarding confidence, the 
students seemed confident enough. Most of the class raised their hands as being confident 
enough to pursue STEM as a career. 
 
6.4 Observations and Discussion 
 
During the lesson plan presented at BSICS, there were several observations to be made during 
the activity. The students naturally presented a wide range of learning styles. The ways the 
children began to grasp the concepts spanned from reading the instructions thoroughly, tinkering 
with the materials provided, or a mix of both. Additionally, as the activity went on, weak points 
in the lesson plan arose. For instance, the lesson plan took about 15 minutes over time. The 
observations noted are outlined below. 
 
- Students were able to deduce further concepts by tinkering with the filters. For example, 
one group continued to use their sand filter to filter the water, and after a certain amount 
of time, even when dirtier water was used, the filter performed better. This is because the 
gaps in the media had approached optimal pore size, thus increasing the filter’s ability to 
capture particles at this media’s size. The group made this observation on their own. 
- This age group did not bother to read the instructions once the materials and devices were 
in front of them. In the future, the instructions should be read and then the materials 
passed out afterwards. 
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- More time is necessary for the hands-on portion at BSA. We were 15 minutes over the 
allotted time. 
- The children understood all concepts, more advanced topics could be explored 
- When explaining how we know water is dirty, many students mentioned indicators that 
extend beyond our senses, such as pH indicating an understanding of chemical concepts. 
- The question on whether or not the students could see themselves in engineering or 
science may not have been fully understood. Several students answered no, and instead 
said something that still falls under the STEM category. Example of a post quiz: “No, 
because I want to do computer science or mathematics”. 
 
Observations made during the modified lesson presented to location II (Franklin STEAM 
Academy) are as follows: 
 
- Assembly of the filters went smoothly when the class went through the instruction steps 
together 
- Having a volunteer stay at a table with each group kept the students on task, as opposed 
to several volunteers walking around helping those who called for help. 
- The session was done 15 minutes early, including clean up time. This is probably due to 
the shortened presentation or the lack of written post quiz. 
- During the post discussion, students fully understood the time differences and physical 
specialties of each filter. 
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- Not as much input from more reserved or withdrawn students during discussion. This is 
probably because discussion was optional, whereas a written quiz would have been more 
mandatory. 
- Students at this location also began re-filtering the contaminated water through the 
granular filters and also noticed the effects of approaching optimal pore size. This was 
unprovoked. 
 
By presenting information about science in an engaging and hands on environment, students can 
learn topics in a way that makes the experience more memorable and educational. It also sparks 
students’ interest when a familiar topic is presented as an application to real world problems. 
Future works involve conducting this demonstration at various schools in the greater 
Chicagoland area, altering the technical nature of the content in accordance with the location of 
the event, as well as the maturity and background of the students. 
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APPENDIX: SUPPLEMENTARY MATERIALS 
Figure 15: Questions 1 and 2: Where do we get our water from? Who regulates its 
quality? 
 
BSA 
 
FSA 
 
Question 1 Question 2 Question 1 Question 2 
Pre Quiz 72% 29% 18% 45% 
Post Quiz 100% 71% - - 
 
Figure 16: Question 3: Can you see yourself studying engineering/science? 
 
BSA 
 
FSA 
Pre Quiz Post Quiz Pre Quiz 
Yes 41% 48% 36% 
No 38% 45% 9% 
Maybe/IDK 22% 6% 55% 
 
 
Additional responses to pre and post quiz: 
 
From Betty Shabazz International Charter School students 
 
PRE: “Yes, because I attend various engineering events, I also attend a program at Chicago State 
University every Saturday and we will be attending NSBE in March.” 
PRE: “Yes, because I like studying the earth and tech.” 
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POST: “I think possibly because my dad is an engineer” 
 
No: 
PRE: “No, I cannot because science isn’t something that I would enjoy for a career” 
PRE: “No, because I will admit I’m not that smart - a hard no” 
POST: “I don’t because nothing in science/engineering has been interesting to me” 
POST: “No, because I’m more of a business person” 
POST: “No, because it looks like a lot of work” 
 
Maybe/Probably: 
PRE: “Not right now. It is too complex for me but when I school (3 or 4 years), I will probably 
study in to that and architectural things at Lindbloom [a high school in Chicago]. 
POST: “Probably because I learned a lot today” 
 
From Franklin Middle School students 
 
PRE: "Maybe, but I won't pursue it as a career. Maybe as a hobby though." 
PRE: "No.” 
PRE: "Yes, I love engineering!" 
PRE: "Maybe, but I honestly want to go to the Olympics." 
PRE: "Yes, I am SMART." 
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Figure 17: The children from the Chicago location and myself assembling a sand filter.  
 
 
Figure 18: Dr. Roland Cusick and a group of children from the Chicago location during the 
demonstration.  
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Figure 19: A Thank You card sent from the student at the Chicago location.  
